2 also been studied. [15] [16] [17] [18] [19] These S-based cathode materials have very high theoretical capacities (>1,000 mAh/g), but suffer from large volume change (~80%), polysulfide dissolution and insulating problems, leading to poor cycling life and low capacity retention. [15] [16] [17] [18] [19] As such, new types of cathode materials with high capacities and high energy densities are urgently needed to meet the need for vehicle electrification.
In this study, we have investigated a completely new class of cathode materials that eliminate the need of using transition metals as they are built from light elements only, such as B, N and C. Recent studies through density functional theory (DFT) calculations have predicted a new class of cathode materials based on functionalized hexagonal boron nitride (FBN) materials. [20] [21] [22] The DFT calculations reveal that functionalization of boron nitrides can tune the electrochemical potentials of FBN materials and create intercalation-type materials with ultrahigh specific capacities and unprecedented energy densities because of the elimination of heavy transition metals. [20] [21] [22] The charge storage mechanism of FBN materials is predicted to be accomplished by redox reactions due to the valence state change of N ions. [20] [21] [22] Inspired by these predictions, we have synthesized Li3BN2 powder via reaction between Li3N and h-BN at 900 °C 23 (see Supporting Information for experimental details) and carried out the first-ever electrochemical investigation of Li3BN2 (a 3D member of FBN materials that can be derived from Li3N functionalized 2D h-BN) for its potential as a transition metal free, high-capacity cathode material for Li-ion batteries. We demonstrate that the -Li3BN2 powder obtained from the reaction between Li3N and h-BN can exhibit an unprecedented specific capacity of 890 mAh/g with the charge storage mechanism associated with the valence state change of N ions in the BN2 anion during Li-ion intercalation and de-intercalation. The specific capacity of 890 mAh/g demonstrated in this study is the highest specific capacity ever reported in literature for an intercalation-type cathode material. The specific discoveries of this study are described below.
The charge/discharge curves of an -Li3BN2 coin cell with a Li foil as the anode at the 0.1C rate (1C = 890 mA/g) are shown in Figure 1(a) . The first operation of the as-synthesized -Li3BN2 in this study is charge, but only exhibits a specific capacity of ~300 mAh/g. However, the first discharge after the first charge has delivered 890 mAh/g capacity, while the specific capacity of the second charge has increased significantly from the previous 300 mAh/g to 840 mAh/g. To ensure that the high carbon black (CB) concentration (45 wt%) used in the electrode did not alter the specific capacity of -Li3BN2 significantly, we have measured charge/discharge curves of pure CB electrodes with a Li foil as the counter electrode. The results from the pure CB half cells indicate that CB only contributes to less than 0.5% of the total storage capacity (see Supporting Information for details). Note that the first discharge capacity of 890 mAh/g from -Li3BN2 is very close to the theoretical capacity (899 mAh/g) based on the following electrochemical reaction predicted from the DFT calculation. [20] [21] [22] -Li3BN2  LiBN2 + 2Li + + 2e -
It is noted from Figure 1 (a) that there are two plateaus in both charge and discharge curves. To understand this phenomenon, cyclic voltammetry (CV) of the -Li3BN2 half cell is conducted. As shown in Figure 1 (b),
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there are two anodic and two cathodic peaks in the cyclic voltammogram. The first anodic peak is located at ~1.85 V vs. Li/Li + and the second anodic peak at ~2.23 V. These two anodic peak positions are very close to the two voltage plateaus during charge, unambiguously indicating that charging of -Li3BN2 proceeds in two oxidation steps. Based on the DFT calculations, [21] [22] we hypothesize that the first oxidation corresponds to the valence state change of N ions in the BN2 anion from 3 -to 2.5 -, whereas the second oxidation is due to the further change of N ions from 2.5 -to 2 -. This hypothesis is consistent with our X-ray photoelectron spectroscopy (XPS) and soft X-ray absorption spectroscopy (sXAS) analyses to be shown later. Similarly, the two cathodic peaks at ~2.10 V and ~1.65 V vs. Li/Li + match the two voltage plateaus during discharge very well, clearly revealing that discharging of -Li3BN2 occurs via two reduction steps. Based on the CV curve, the two cathodic peaks can be assigned to the valence state change of N ions in the BN2 anion from 2 -to 2.5 -for the peak at 2.10 V and from 2.5 -to 3 -for the peak at 1.65 V. The stepwise oxidation of the BN2 3- anion has also been pointed out in the melt-phase N2/BN2 3-electrode 24 and in thermal decomposition of Na2KBN2. 25 To confirm the redox reactions of -Li3BN2 are indeed due to the valence state change of N ions in the BN2 anion, we have conducted the XPS analysis of the -Li3BN2 cathode after different states of charge.
The states of charge for the -Li3BN2 cathode subjected to XPS analysis are marked in Figure 1 (a) as S1
(discharged state), S2 (partially charged state) and S3 (near fully charged state). As shown in Figure 2 (a), the N1s spectra of these samples are quite broad and unsymmetric, suggesting overlap of several peaks.
Based on the charge/discharge profile ( Figure 1 ) and the resonance structures of the BN2 3-anion and its gradually delithiated versions of Li2BN2 and LiBN2 predicted via DFT calculations, 21 3 major peaks in each N1s spectrum can be fitted and attributed to BN2 3-, BN2 2-and BN2 1-resonant groups. It is known that the N1s spectrum of a substance with covalent bond and/or negative valence state is normally peaked at < 400.0 eV, such as N in h-BN [26] [27] and Li3N. [28] [29] N1s located around 398.5 eV or lower indicates the formation of B-N covalent bond sharing 3 pair of electrons. [26] [27] Furthermore, the higher the electron cloud density around N atom, the lower the binding energy. Hence, the binding energy sequence from low to high is Li3N, BN2 3-, BN2 2-and BN2 1-, as assigned in Figure 2 (a). Among them, only the binding energy of BN2 1-anion (≥ 399.2 eV) is higher than that of h-BN, which is consistent with their resonant structure and valence state.
Several general trends can be observed from Figure 2 (a), while the quantitative fitting results of the N1s peak are summarized in Table S1 of Supporting Information. These trends include: (i) the discharged electrode (S1) has the highest concentration of the BN2 3-anion, (ii) the fully charged electrode (S3) has the highest concentration of the BN2 1-anion, and (iii) the partially charged electrode (S2) has the highest concentration of the BN2 2-anion among the 3 samples. These general trends reveal unambiguously that charge of -Li3BN2 follows the sequence of oxidation and delithiation of Li3BN2 to become Li2BN2 (partially charged) and then to LiBN2 (fully charged). Thus, the present XPS analysis confirms that the redox reactions of -Li3BN2 are associated with the valence state change of N ions in the BN2 anion, as predicted from the DFT calculations. 21, 22 Three additional features are noted. The first is that BN2 3-, BN2 2-and BN2 1-anions are present in all samples even though their relative concentrations are changed. This is not a surprise since 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 4 inhomogeneous charge/discharge is typical because not all the active particles are connected to conductive network and there is non-uniform distribution of the active material. [30] [31] [32] The second is the small shift in the binding energy of BN2 3-, BN2 2-and BN2 1-anion peaks (≤ 0.5 eV) from one charge state to another. One likely mechanism for this small shift is that the N1s peak of the BN2 anion is not from an isolated N-B-N ion; instead, its binding energy may depend to a small extent on the overall Li-site occupancy as well. The third feature noted is the presence of an N1s peak with very low binding energy (~395.2 eV) in the fully charged sample.
This peak could be related to Li3N, 28, 29 implying decomposition of Li3BN2. Whether this is indeed the case needs additional investigation in the future.
To explore whether α-Li3BN2 is a conversion-type or intercalation-type cathode, we have conducted X-ray diffraction (XRD) analysis of the α-Li3BN2 cathode after different charge/discharge conditions. The XRD pattern of the as-synthesized α-Li3BN2 is shown in Figure 2 (b). It is consistent with the α-Li3BN2 crystal defined in ICDD PDF card #04-013-9542 and matches the crystal structure of α-Li3BN2 derived from the DFT calculations well. 21 The presence of a small amount of the unreacted h-BN and the impurity Li3TaN3 is noted.
The latter is due to the use of Ta foil during synthesis. Nevertheless, the major phase of the reaction product 00-034-0421). Note that the formation of h-BN has been detected in the N2/Li3BN2 electrode operating at 550 o C as a product of the charging process. 24 In spite of the similarity of XRD patterns for X1, X2 and X3 conditions, the relative intensities of major peaks are changing with the state of charge. For instance, at the X1 condition the peak intensities are very close to those of -Li3BN2 (ICDD PDF card #04-013-9542). However, after charge (X2) the intensities of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 XPS and XAS results, and the three features, from low to high energies, are naturally assigned to the BN2 3-, BN2 2-and BN2 1-anions, respectively. Furthermore, the evolution of the three features upon cycling is consistent with the XPS result. Specifically, two clear trends are observed, that is, (i) the BN2 1-peak becomes stronger after charge because BN2 3-and BN2 2-anions get oxidized, and (ii) both BN2 1-and BN2 2-peaks become weaker after discharge because BN2 1-and BN2 2-anions are reduced to become the BN2 3-anion. As mentioned before, the presence of all three BN2 anions in one sample is due to inhomogeneous charge/discharge in the electrode. [30] [31] [32] Thus, the sXAS and XPS analyses are consistent in both the relative energy positions and the evolution of the lineshape, indicating that both the surface and bulk of -Li3BN2 have the same redox mechanisms.
It is interesting to note that the sXAS analysis reveals that the as-synthesized lithium boron nitride powder is dominated by BN2 3-and BN2 2-anions in the bulk, consistent with the previous conclusion that the as-synthesized lithium boron nitride is a Li-deficient compound, i.e., it is -Li3-xBN2 (x > 0). Thus, there are Li vacancies in the as-synthesized condition. Furthermore, it is reasonable to assume that there is random filling The longer the chains, the greater the binding energy of Li in the chains due to the presence of long range conjugated pi-electron systems along the chains. 21 Since the chains were fragmented in the as-synthesized material, the binding energy of Li in them was smaller than after the first discharge when the chains were fully established. This binding energy difference is indicated by the difference in the voltage plateaus of the first and second charges, i.e., Li extraction happens at an increased voltage in the second charge, due to the presence of the longer -Li-N-B-N-chains.
The charge/discharge cycle stability of -Li3BN2 has also been evaluated. It is found that the capacity decay over cycles is relatively fast and depends on the solvent used to prepare the cathode slurry and the electrolyte. As shown in Figure 3(b) , the capacity retention of -Li3BN2 is the best if N-methyl-2-pyrrolidone (NMP) is used to prepare both the cathode slurry and the electrolyte, but the cathode prepared using tetraethylene glycol dimethyl ether (tetraglyme) as the solvent for the slurry and NMP as the solvent for the electrolyte has the highest specific capacity in the first discharge. In all cases, the two charge/discharge plateaus are still present after 30 and 50 cycles (Figures 3c, 3d and S1), indicating that two-electron-transfer redox reactions still operate after 30 to 50 cycles even though the specific capacity has decreased significantly. The electrodes made using NMP for slurry preparation and tetraglyme or ethylene carbonate + diethyl carbonate (EC + DEC) as the electrolyte have also been evaluated, but did not result in good specific capacity ( Figure S2 ). The phenomenon of fast capacity decay is not fully understood yet, but may suggest the wettability issue of -Li3BN2 by the solvent or possible side reactions between the solvent and -Li3BN2.
Thus, future research in this area is warranted and proper coatings may offer a solution to the capacity decay problem if the decay is due to side reactions. Note that Li3N, a compound related to Li3BN2, has been reported to be incompatible with NMP due to the high reactivity of Li3N. 29, 33 However, this problem can be addressed by surface passivation through a dense layer consisting of crystalline Li2O and Li2CO3. 29 Despite of the capacity decay in this study, cells with NMP solvent used for both the cathode slurry and the electrolyte still have a respectful specific capacity beyond 50 cycles (~250 mAh/g), which is equivalent to that offered by the best intercalation cathode materials known today. Finally, it should be mentioned that the observed capacity 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 7 decay is not due to dissolution of -Li3BN2 into the electrolytes because we have found that the solubility of the as-synthesized -Li3-xBN2 (x > 0) powder is less than 0.001 g in 100 mL of NMP and tetraglyme if any.
In summary, we have conducted the first-ever investigation of -Li3BN2 as a transition metal free cathode material for Li-ion batteries and demonstrated a specific capacity of 890 mAh/g which is the highest specific capacity ever reported in literature for an intercalation-type cathode material. The charge storage mechanism of -Li3BN2 is found to be associated with the valence state change of N ions in the BN2 anion during Li-ion intercalation and de-intercalation. This work opens up new avenues to develop transition metal free, high capacity cathodes and lays a scientific foundation for designing high performance electrodes based on the valence state change of N ions in the future. 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 ?   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Figure 3: (a) N K-edge sXAS results of the as-synthesized, fully charged and fully discharged samples collected in bulk-sensitive fluorescence mode (dots -original data; solid lines -fitted curves), (b) the discharge specific capacity as a function of charge/discharge cycles for several -Li3BN2 half cells prepared using NMP or tetraglyme solvent for the cathode slurry and the electrolyte as indicated, (c) the voltage profiles of the 30 th and 50 th charge/discharge cycles of the -Li3BN2 half cell prepared using NMP solvent for both the cathode slurry and electrolyte, and (d) the voltage profiles of the 30 th and 50 th charge/discharge cycles of the -Li3BN2 half cell prepared using tetraglyme solvent for both the cathode slurry and electrolyte. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
